Isoferulic acid (3-hydroxy-4-methoxycinnamic acid, IFA), the isomer of ferulic acid (4-hydroxy-3-methoxycinnamic acid), is a rare phenolic acid occurring in Rhizoma Cimicifugae. Unlike ferulic acid, which has been well investigated, the antioxidant activity of IFA has not been measured. In this study, IFA was systematically evaluated for its in vitro antioxidant activity for the first time. IC 50 values were calculated of 7.μg/mL, respectively, for lipid peroxidation, DPPH (1,1-diphenyl-2-picrylhydrazyl radical) and ABTS (3-ethylbenzthiazoline-6-sulfonic acid diammonium salt) radical scavenging, reducing power on Fe 3+ and Cu 2+ ions, and hydroxyl and superoxide anion radical scavenging. Comparison with the IC 50 values with those of the positive controls, Trolox and butylated hydroxyanisole (BHA), it can be concluded that isoferulic acid is an effective natural antioxidant in both lipid and aqueous media.
Isoferulic acid (3-hydroxy-4-methoxycinnamic acid, IFA), the isomer of ferulic acid (4-hydroxy-3-methoxycinnamic acid), is a rare plant constituent. IFA was found in Rhizoma Cimicifugae and regarded as one of its active components. It is reported that IFA is active for the treatment of diabetes [1] , coronary heart disease, angina pectoris, heart-stroke and cardiovascular disease [2] . However, according to free radical biology & medicine, all the diseases mentioned above have been related to reactive oxygen species (ROS) [3] . Most phenolic acids possess marked antioxidant activity [4] , including the isomer of IFA, ferulic acid [5] . Hence, there is reason to believe that IFA may be an excellent antioxidant. However, unlike ferulic acid, which has been well investigated, the antioxidant activity of IFA has not yet been measured. Therefore, the aim of this paper was to evaluate the antioxidant effects of IFA in vitro in comparison with the standard antioxidants Trolox and BHA, including lipid peroxidation, DPPH• and ABTS• + radical scavenging, reducing power on ferric and cupric ions, and hydroxyl and superoxide anion radical scavenging.
Lipid peroxidation consists of a series of free radicalmediated chain reaction processes and is associated with several types of biological damage. Our data revealed that IFA exhibited its antioxidant activity in the linoleic acid emulsion system in a concentration-dependent manner within the range 2.5-12.5 μg/mL (data not shown). In line with the IC 50 values (IC 50 value is the concentration of sample required to inhibit 50% of peroxidation) listed in Table 1 , the anti-lipid peroxidation of IFA and positive controls decreased in the order BHA > Trolox > IFA. DPPH and ABTS assays have been widely used to determine the free radical-scavenging activity of various pure compounds and extracts. Our data indicated that the free radical-scavenging activities of IFA and the positive controls were dose-dependent in both the DPPH and ABTS assays (data not shown). According to the IC 50 values (Table 1) , the scavenging ability on DPPH• decreased as follows: Trolox > IFA > BHA, while it decreased in the order of BHA > IFA > Trolox in the ABTS assay.
Although a reductant is not necessarily an antioxidant, an antioxidant is commonly a reductant [6] . The reducing power of a compound may therefore serve as a significant indicator of its potential antioxidant activity [7] . Our results showed that IFA and the positive controls responded in a concentration-dependent manner in both reducing power assays (Fe 3+ →Fe 2+ and Cu 2+ →Cu + ) (data not shown). The IC 50 values listed in Table 1 ) are two of the most important free radicals in living cells. Therefore, it was important to investigate the •OH and •O 2 scavenging ability of IFA. On the basis of our data (not shown), the scavenging effects of IFA and the positive controls on •OH and •O 2 were concentration-dependent. The hydroxyl radical scavenging ability of IFA and the positive controls decreased as follows: IFA > Trolox > BHA. As for superoxide anion scavenging, the IC 50 values ( Table 1) indicated that IFA (IC 50 13.33 μg/mL) was much more effective than the positive controls (IC 50 153.90 and 58.19 μg/mL, respectively for Trolox and GSH).
In the seven antioxidant assays mentioned above, lipid peroxidation, DPPH, and ABTS assays were conducted in organic solutions, while reducing power (Fe 3+ and Cu 2+ ), superoxide anion and hydroxyl radical scavenging assays utilized aqueous solutions. Obviously, IFA is an effective antioxidant in both lipid and aqueous mediums
In conclusion, comparison with the IC 50 values of the positive controls, Trolox and butylated hydroxyanisole, isoferulic acid is an effective natural antioxidant in vitro in both lipid and aqueous mediums. Hence, it may, therefore, be used in the pharmacological and food industry as a natural antioxidant.
Experimental
Chemicals: IFA (CAS number: 537-73-5 > 98%) was obtained from Sigma Co. DPPH• (1,1-diphenyl-2picrylhydrazyl radical), pyrogallol, linoleic acid, Trolox (±-6-hydroxyl-2,5,7,8-tetramethlychromane-2-carboxylic acid), neocuproine (2,9-dimethyl-1,10-phenanthroline), BHA (butylated hydroxyanisole), linoleic acid, and αtocopherol were purchased from Sigma Co.; GSH (glutathione), ABTS diammonium salt [2,2′-azino-bis(3ethylbenzothiazoline-6-sulfonic acid diammonium salt)], and D-2-deoxyribose were obtained from Amresco Co.; All other reagents were of analytical grade.
Lipid peroxidation:
The effect of IFA on the prevention of peroxidation of linoleic acid emulsion was investigated using the thiocyanate method [8, 9] , with some modification. The linoleic acid emulsion was prepared by mixing and homogenizing 312.6 mg of linoleic acid, 78.2 mg of Tween-20 as emulsifier, and 30 mL of 30% ethanol (v/v); 0.1 mL of various concentrations of samples (50-250 μg/mL) were added to 1.5 mL of linoleic acid emulsion and 0.4 mL distilled water. The reaction mixtures (2 mL) were incubated at room temperature in glass bottles. The degree of oxidation was measured when the absorbance of the control reached its maximum. To 0.15 mL of sample solution, 3.65 mL of 75% ethanol (v/v), 0.1 mL of ammonium thiocyanate (30%, m/v), and 0.1 mL of ferrous chloride (0.02 mol/L in 3.6% HCl) were added. The peroxide value was measured by monitoring absorbance at 500 nm in a spectrophotometer (Unico 2100, Shanghai, China). The peroxides formed during linoleic acid peroxidation oxidize Fe 2+ to Fe 3+ , and Fe 3+ forms a complex with thiocyanate that has a maximum absorbance at 500 nm. The solution without IFA was used as blank. Linoleic acid mixture without the addition of sample was used as control. The percentage of inhibition of lipid peroxidation in linoleic acid emulsion was calculated from the equation:
Where A s is the absorbance in the presence of IFA or positive controls, while A c is the absorbance in the absence of IFA and positive controls.
DPPH• scavenging activity: DPPH• radical-scavenging
activity was determined as previously described [10] . Briefly, 1 mL of DPPH• solution (0.1mmol/L) was mixed with 0.5 mL of various concentrations of samples dissolved in 95% ethanol. The mixture was kept at room temperature for 30 min, and then the absorbance at 519 nm was measured on a spectrophotometer (Unico 2100, Shanghai, China), using 95% ethanol as the blank. Trolox and BHT were used as the positive controls, and the percentage DPPH• inhibition of the test samples was calculated:
Where A S is the absorbance in the presence of IFA or positive controls, while A 0 is the absorbance in the absence of IFA and positive controls.
ABTS• + scavenging activity:
The scavenging activity of ABTS• + was measured by a previously described method [10] . The ABTS• + was produced by mixing 0.35 mL of ABTS diammonium salt (7.4 mmol/L) with 0.35 mL of potassium persulfate (2.6 mmol/L). The mixture was kept in the dark at room temperature for 12 h to allow completion of radical generation, and then diluted with 95% ethanol (about 1:50) so that its absorbance at 734 nm was 0.70±0.02 measured on a spectrophotometer (Unico 2100, Shanghai, China). To determine the scavenging activity, 1.2 mL of ABTS• + reagent was mixed with 0.3 mL of sample or negative control (95% ethanol), and the absorbance at 734 nm was measured 6 min after the initial mixing, using 95% ethanol as the blank. The percentage inhibition of the samples was calculated as:
Where A 0 is the absorbance at 734 nm of the negative control, A is the absorbance at 734 nm of the mixture with sample, Trolox and BHA.
Ferric ions (Fe 3+ ) reducing power:
Ferric cyanide (Fe 3+ ) reducing power was determined by the method of Oyaizu et al. [11] , as described by Li et al. [10] . Samples
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Natural Product Communications Vol. 6 (9) 2011 1287 (1 mg/mL, x mL, x = 5, 10, 15, 20, 25 μL) were mixed with Na 2 HPO 4 / KH 2 PO 4 buffer (350-x μL, 0.2 M, pH 6.6) and K 3 Fe(CN) 6 (250 μL, 1 g/100 mL). The mixture was incubated at 50ºC for 20 min, before 250 μL of trichloroacetic acid (10 g/100 mL) was added, and the mixture centrifuged at 3000 g for 10 min. The supernatant (400 μL) was recovered, mixed with distilled water (400 μL) and FeCl 3 (400 μL, 0.1 g/100 mL) and placed immediately into the spectrophotometer (Unico 2100, Shanghai, China), and the timer started. The absorbance at 700 nm was measured at 90 s. Samples were analyzed in groups of 3, and when the analysis of one group was finished, the next group of 3 samples were mixed with FeCl 3 to avoid oxidization by air. Trolox and BHA were used as the positive controls, and an increased absorbance reading indicated increased reducing power. The percentage reducing power of the sample as compared with the maximum absorbance tested, which appeared in BHA at 13.9 μg/mL, was calculated by using the formula:
(A S /A m ) ×100. Here, A m = maximum absorbance tested and A S = absorbance of sample.
Cupric ions (Cu 2+ ) reducing power:
In order to further measure the reducing ability of IFA, the cupric ions (Cu 2+ ) reducing power capacity was also determined [12] , with slight modification Briefly, 125 μL CuSO 4 aqueous solution (10 mM), 125 μL neocuproine ethanolic solution (7.5 mM) and 500 μL CH 3 COONH 4 buffer solution (100 mM, pH 7.0) were added to test tubes with different volumes of IFA (2-12 μL) . Then, the total volume was adjusted with the buffer to 1 mL and mixed vigorously. Absorbance against a buffer blank was measured at 450 nm after 30 min. Increased absorbance of the reaction mixture indicates an increase of reduction capability. Trolox and BHA were used as the positive controls. The percentage reducing power of the sample as compared with the maximum absorbance tested, which appeared in BHA at 12 μg/mL, was calculated by using the formula: (A S /A m ) ×100. Here, A m = maximum absorbance tested and A S = absorbance of sample.
Hydroxyl (•OH) radical-scavenging activity:
The scavenging activity on the hydroxyl radical (•OH) was investigated by the deoxyribose method [13] , with some modification. Our preliminary experiments demonstrated that almost all organic solvents except for light petroleum can promote the inhibition percentage value, including ethanol, methanol, acetone, ethyl acetate, acetonitrile, chloroform, diethyl ether, DMF, DMSO, and THF. Hence, the inhibition of the hydroxyl radical was evaluated as follows: all test samples were first dissolved in methanol (3 mg/mL), and 0.9-5.4 μL sample solution was taken into mini tubes, and the methanol then removed at 80ºC to eliminate its interference. The reactions were performed in 0.2 M phosphate buffer (pH 7.4), containing 2.8 mM deoxyribose, 2.8 mM H 2 O 2 , 25 μM FeCl 3 , 80 μM Na 2 EDTA, and the test sample (2.7-16.2 μg). The reaction was started by adding ascorbic acid to a final concentration of 100 μM, and the reaction mixture (800 μL in total) was incubated for 20 min at 50ºC in a water bath. After incubation, the color was developed by addition of 0.5 mL 2-thiobarbituric acid (1 g/100 mL) followed by 0.5 mL trichloroacetic acid (5 g/100 mL) and heating in an oven at 100ºC for 15 min. The sample was cooled and the absorbance was measured at 532 nm against buffer (as blank). The reaction mixture not containing test sample was used as control. The scavenging activity on hydroxyl radicals was expressed as:
Where A c is the absorbance at 532 nm of control (without sample), and A is the absorbance at 532 nm of the reaction mixture containing sample.
Superoxide anion (•O 2 -) radical-scavenging activity:
Measurement of superoxide anion scavenging activity of IFA was based on the pyrogallol autoxidation method [14] , as described by Li et al. [10] . Briefly, a 1 mg/mL sample solution ( x μL, where x = 0, 20, 40, 60, 80, or 100 μL) was mixed with Tris-HCl buffer (2920x μL, 0.05 M, pH 8.2) containing EDTA (1 mM) and pyrogallol (80 μL, 6 mM), then shaken rapidly at room temperature. The absorbance at 325 nm of the mixture was measured (Unico 2100, Shanghai, China) against the Tris-HCl buffer as blank every 30 s for 5 min. Trolox and GSH were used as the positive controls. The slope of the correlation of absorbance with time was calculated. The reaction mixture without sample was used as the control. The •O 2 scavenging ability was calculated as:
(1 -Slope of sample/Slope of control) × 100 % Statistical analysis: Results are reported as the mean ±SD of 3 measurements, the IC 50 values were calculated by linear regression analysis and one-way analysis of variance (ANOVA) were performed for comparison between groups. A P value of less than 0.01 was considered significant. All linear regression in this paper was analyzed by Origin 6.0 professional software.
